Introduction
Localized surface plasmon resonances (LSPR) are collective oscillations of conduction band electrons in a metal nanoparticles. [1] Recently, the study of LSPR properties of noble metal nanostructures has lead to significant advances and new applications in nanophotonic devices and circuits, [2] [3] [4] plasmonic waveguides, [5] Fano resonances, [6, 7] surface enhanced spectroscopy, [8] [9] [10] plasmonic nanoantennas, [11] solar energy conversion, [12] [13] [14] biological sensing and imaging, [15] [16] [17] [18] and in life sciences. [18] [19] [20] [21] [22] [23] A nanoparticle's size, shape, electron density and dielectric (electronic) properties as well as its dielectric environmental changes can influence its LSPR properties. [24] Charge transfer and storage processes have been a growing focus, and understanding fundamental aspects of the physical and chemical process governing charge transfer at the nanoscale is of paramount importance. [25] Noble metal nanostructures have served as a heterogeneous catalyst in various chemical transformations, from the synthesis of fine chemicals through pollutant removal to electrochemical cells for energy conversion. [26, 27] In order to investigate electrochemical catalytic reactions by plasmonic spectroelectrochemistry techniques, bifunctional noble metal structures that have plasmonic properties and can serve as a catalyst are required. [28] It is critical that nanoparticle size, shape and composition are considered when engineering nanocatalysts. Especially considering that
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4 nanocatalysts are often inhomogeneous and this can lead to heterogeneity in the electrochemical catalytic activity. Therefore, only average efficiency is obtained by ensemble catalytic measurements. To effectively study these catalytic processes and eliminate ensemble averaging, single particle spectroscopy techniques are required. [29] This coupled with the fact that it is extremely challenging to study heterogeneous catalytic redox systems on noble metal nanocrystal surfaces means a single particle approach is especially pertinent.
Numerous factors influence catalytic surface reaction processes including surface area, facets and composition. [27] Model systems with single-crystalline facets have been studied under idealised ultrahigh vacuum conditions. [30, 31] For instance, gold nanorods have served as model catalysts providing information on aspects of reactions catalysed by oxidation of ascorbic acid on a gold nanocrystal surface, including features such as charge transfer steps. [32, 33] In order to further understand and improve these systems, it is important to monitor catalysis in real time. [34] However, conventional surface interrogation techniques usually require high-vacuum conditions or are limited to ensemble average measurement with high cost. [35] It is a major challenge to correlate the results obtained from model systems or artificial reaction regimes to nanostructure catalysis under real reaction conditions. [27] A C C E P T E D M A N U S C R I P T
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Herein, a novel plasmonic spectroelectrochemistry technique for the study electrocatalytic reactions in situ is revealed. Plasmonic spectral characteristics are used to ascertain information on electrocatalytic reactions occurring at noble metal nanoparticles under dynamic potential control ( Figure 1 ). Electrocatalytic oxidation of glucose in alkaline media was chosen as a suitable and important model reaction, not least due to the potential for exploitation of glucose as a next generation energy source. [36] , 34 As such the electrocatalytic oxidation of glucose at single particle level is investigated for the first time. LSPR spectral changes are correlated to catalytic reaction steps, which can be used to postulate the electrochemical redox reaction mechanism at single-nanoparticle level. O.D.) were purchased from Nanoseedz (Hong Kong, China). The dimensions of the gold nanorod used in this study were 44 ± 3 nm in length and 98 ± 6 nm in diameter (n > 150) as characterised by transmission electron microscopy (TEM, JEOL JEM-2100, Japan). All reagents were of analytical grade and used as received without any further purification. Ultrapure water, filtered by a Milli-Q reagent water system at a resistivity of > 18MΩ cm, was used throughout the experiments. The ITO-coated glass was cleansed first by ethanol, and then washed successively in acetone, isopropanol and pure water with at least 30 min sonication. Lastly they were dipped in a mixture of pure water, hydrogen peroxide and ammonium hydroxide (volume ratio, 5:1:1) and heated to boiling for at least 30 min, [10] and then dried with nitrogen gas. Gold nanorods were immobilised on the ITO electrodes through electrostatic adsorption by placing the 
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Optical dark-field spectrum measurements were recorded using a Nikon eclipse Ti-U inverted microscope equipped with a dark-field condenser (0.8 < NA < 0.95) and a 40 × objective lens (NA = 0.8). Illumination was provided by a 100 W halogen lamp which was used to excite the gold nanorods generating the local plasmon resonance scattering light. The scattering light was focused onto the entrance port of a monochromator (Isoplane SCT 320) that was equipped with a grating (grating density: 300 lines/ mm; blazed wavelength: 500 nm) to disperse the scattering light. Then, the scattering light was recorded by a 400 × 1600 pixel cooled spectrograph CCD camera (ProEM+: 1600eXcelon3, Princeton Instruments, USA). A true-color digital camera (Nikon, DS-fi, Japan) was used to record the field of the microscope for coregistration with the monochromator. Adjustable entrance slits can be opened to retain only a single gold nanorod in the region of interest. Note that a distribution of spacings between gold nanorods can be produced in the sample preparation. The scattering spectra from single gold nanorods were corrected by subtracting the background spectra taken from the adjacent regions, without the gold nanorods and dividing with the calibrated response curve of the entire optical system. To ensure that only optically isolated gold nanorods were analysed, only scattering with smooth baseline, a single Lorentzian peak and a non-distorted line shape were accepted. [37] The integration time used in all experiments spectral acquisitions was 5 seconds.
Results and Discussion
Scattering Spectra of Single Gold Nanorods
Typical TEM images of gold nanorods and the associated size distribution histograms (length and width) for the gold nanorods are presented in Figure S3 (Supporting Information). A
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9 typical spectrum of single gold nanorod at an open circuit potential corresponding to red colour and the local electric field distribution of the single nanorod (98 nm × 44 nm) using the discrete dipole approximation (DDA) method are shown in Figure S4 . [38] The line width (Γ) of the resonance of a single plasmonic nanoparticle was sensitive to changes in environment (eq. S1-6).
The change of line width could also reflect the physical and chemical process occurring in the proximity of plasmonic nanostructures due to changes of their plasmon properties, because the refractive index around the nanostructure and free electron density was greatly dependent on these processes. [39] A quantitative description of the cross sections of nanoparticles excited by polarised light parallel to the principle axes are given in eq. S7-9.
Electrocatalytic Process of Glucose Oxidation on Single Gold Nanorods in Alkaline Media
The electrochemical behavior of a gold nanorod-modified ITO electrode was initially To investigate the catalytic mechanism on a single gold nanorod, potential dependent dark-field scattering spectra peak shift, Δλ max of two types of single gold nanorods, were measured during dynamic potential scanning ( Figure 2C, D) . From -0.6 V to -0.5 V the LSPR peak position underwent a blue shift of 2 nm in 10 s ( Figure 2C , a). The blue shift was attributed to a double-layer charging process or an electronic charging effect. [40] Electrons are transferred from the conductive ITO electrode to the gold nanorods, which induces a net negative charge,
corresponding to a higher free electron density than in the natural state. [25] The surface of the provides an effective protocol in high-throughput screening of catalysts. 44 A dynamic simulation of the gold electrochemical oxidation process is shown in Figure S10 . In alkaline media, anodic polarisation of the gold nanorods takes place, leading to the formation of Au(OH) ads When the sample material is subject to some alteration due to some inherent change of the noble metal itself, the dielectric properties or free electron density change could cause measurable shifts of the spectral peak position (Δλ max ) or of the peak line width (ΔΓ) of the gold reporter's LSPR peak. [50] The homogeneous line width of the single gold nanorod's scattering spectra was monitored by the SN-DFS technique, avoiding inhomogeneous broadening effects witnessed during ensemble measurements. The line width of the plasmon resonance (Γ) was influenced by the electron oscillation dephasing processes and the dielectric function of the Figure 2E, a) . In the first region ranging from -0.6 V to 0.4 V, the damping remained essentially constant, consistent with a previous report. [42] In the second region ranging from 0.4 V to 0.65 V, the linearity in the spectral peak red shift coincided with a dramatic decrease of the damping constant, a subsequent cathodic sweep did not lead to a hysteresis loop. [41, 42] effect. In addition, sp-band electrons could not be readily excited to the higher energy level of the hybridisation state. [24, 53] When the potential reached to E PZC , ion adsorption on the interface of gold nanorods was restrained in the maximal degree and chemical interface damping was suppressed due to the weak ion adsorption at the potential of zero charge. Therefore, the interface damping (Γ c , eq. S1-6) was weakened which was due to the low degree of ion
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15 adsorption at gold surface at E PZC point. [54] Finally, below E PZC , an apparent increase of the damping constant was found from 0.1 V to -0.6 V. Meanwhile, adsorption of hydroxide ions and hydration was decreased and the re-attachment of cations took place. According to the Jellium model, sp-band electrons restrict the water molecules from forming hydrogen bonds with hydroxide ions physisorbed on the gold nanorod. [55] Hence, the hydration of the gold surface was decreased during scanning the potential in the range below E PZC . [56] In the cathodic polarisation experiment below E PZC , the increase in Γ was attributed to re-adsorption of the cations that resulted in plasmon oscillation damping. This was accompanied by inward diffusion of ions and efficient charging of the inner Helmholtz layer around the gold nanorod. [57] The scattering spectral line width of a gold nanorod in the presence of glucose ( Figure 2E , b) demonstrated a decrease of the damping constant compared to that in presence of glucose ( Figure   2E , a). There was a minimum value point at 0.15 V, which is more positive than that in the absence of glucose. The catalytic oxidation of glucose contributed to this transition, because the injection of electrons during the electrochemical catalytic oxidation of glucose increased the density of free electron in gold nanorod that decreased the damping constant. 50 As shown in Figure 2F , the gold nanorods with initial scattering peak wavelength 650 nm showed various peak linewidth changes after their oxidation and catalysis process compared to gold nanorod (670 nm). These results confirmed that the heterogeneity in size and shape of individual gold nanorods caused their differing ability to electrochemically catalyze the oxidation of glucose. To evaluate the effect of the glucose oxidation (Faradaic reaction) on the plasmon properties of single gold nanorods, Δλ max and ΔΓ were observed in the absence of glucose on single gold nanorod, which was used as the background and subtracted from the data obtained in the presence of glucose. This calibration treatment provided a unique local optical measurement of the charge transfer and the surface state transition, which is extremely difficult to obtain by other approaches. [52] Gold nanorods served not only as the catalysts but also as the plasmonic
16
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17 reporters in this catalysed reaction. This is different from the plasmonic antenna strategy by Alivisatos and co-workers, who reported that a triangular gold nanoprism acted as a plasmonic sensor while a palladium nanoparticle, in the vicinity, underwent hydrogen gas uptake. [58] Four different regions were identified in the spectral shift and line width change of a gold nanorod in absence and presence of glucose ( Figure 3A, B) . As shown in Figure 3A , in the first region, the scattering spectral shift with a relatively weak blue shift ca. 1.8 nm during the anodic polarisation scan and a peak located at -0.2 V was found, that fell in line with the peak α1
( Figure 3C ). This scattering spectral shift was attributed to the electrosorption of glucose to form adsorbed gluconolactone, releasing one proton per glucose molecule. In the anodic polarisation scan, there were fewer hydroxide ions absorbed on the gold surface. [36] The gold hydroxide served as the catalytic element for glucose oxidation and therefore fewer active sites (AuOH ads ) are present and a weaker charge transfer takes place between the glucose and the Au surface A C C E P T E D M A N U S C R I P T
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21 T *-1 , herein, T * described the elastic dephasing process. [63, 64] The quality factor (Q) of the plasmonic nanostructure is one virtue for surface-enhanced Raman scattering spectroscopy (SERS) and it is considered to be related with the electromagnetic enhancement mechanism (EM). The simple equation T 1 = T 2 /2 for gold nanorods was obtained by neglecting the pure dephasing process that did not contribution to the overall line width. [64] As shown in Figure S13 , reported another nonlinear study which demonstrated that the dephasing time of the coherent plasmon oscillation was ca. 20 fs. [65] In the negative polarisation scan, T 2 increased monotonically with the peak located at 0.1 V corresponding to the reduction current peak of gold oxide shown in Figure S5A , b. The reduction of the gold oxide decreased the interface damping constant, because the sp-band electrons were released from gold oxide and its' number increased for free movement in oscillation. Nevertheless, reduction in inter-band damping could not be precluded due to the plasmon oscillation energy (1.85 eV) being higher than 1.8 eV. [64] Meanwhile, due to the suppressed interface damping constant, the quality factor had one maximal peak value (28.8) located at 0.1 V the same as T 2 . Adjustment of the quality factor was used to improve the electromagnetic enhancement performance of substrate in SERS. [66] In the presence of glucose, electrochemical oxidation of glucose occurred at 0.15 V, leading the increasing of the free electron density in gold nanorod which contributed to the appearance of peak of T 2 and Q at same potential. In the cathodic polarisation, reduction of surface gold oxides occurred at a potential more negative than 0.3 V, where enough surface active sites are available for the direct oxidation of glucose, resulting in a sharp increase in anodic current (0.2 V). [36] 22
The increase of free electron density during oxidation of glucose contributed to the peaks of ΔT 2 (1.4 fs) and ΔQ (2.2) located at 0.2 V. Therefore, Faradaic currents from glucose oxidation increased the free electron density, and this was attributed to a decrease of damping and the increase of quality factor. Moreover, the respective population decay T 1 in the presence of glucose was longer than that in absence of glucose due to electron injection into the gold nanorods ( Figure 4D ). In the absence of glucose, the highest population decay time (10.1 fs) was obtained at 0.1 V corresponding to gold oxide reduction. While, the peak point of T 1 (10.5 fs) appeared at 0.15 V associated with the glucose oxidation. The change of oscillation energy decay time T 1 between in absence and presence of glucose (ΔT 1 ) was proposed to demonstrate the net effect of glucose oxidation on population decay time. [64] The peak (0.70 fs) that was found at 0.2 V was coincident with the peak α4 ( Figure 3C ). Because the oxidation of glucose increases the free electron density in the gold nanorods which contributed to a decrease of the oscillation energy decay time of gold nanorod. A higher ΔT 1 was a consequence of suppressed interface damping due to electron transfer from glucose to the gold surface during the electrocatalytic reaction.
Conclusions
In conclusion, we have demonstrated that the electrocatalytic glucose oxidation on a single gold nanorod is monitored in situ, for the first time, by the SN-DFS technique.
Potential-dependent LSPR tuning could be used to precisely control the plasmonic properties of 
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